19951206 087

€

CCM-82-17

COMPRESSIVE STRENGTH
OF COMPOSITE LAMINATES
WITH INTERLAMINAR DEFECTS

JOHN W. GILLESPIE, JR.
R. BYRON PIPES

ARG e v g i 0 ot o st e rcom B o
‘ o vy et o s o
e &ed ; Bt A WLIEY 13T RES T Wk ?

i \I;{.?u ¥ W 3L 58 Pt =g «§ S;{g

Bpprovad Sor publls relecses
Distribotion Un¥mited

CENTER FOR
COMPOSITE MATERIALS

College of Engineering
University of Delaware
Newark, Delaware

BTN o AFIIN
umnmm
_Mmq* om




Date:

7711795 Time: 6:23:07PH

. 1 Document Name: untitled

[ O N O I

#%xxDTIC DOES NOT HAVE THIS ITEMm#x

AD NUMBER: D437155
CORPORATE AUTHOR: DELAVARE UNIV NEWARK CENTER FOR COMPOSITE

MATERIALS
UNCLASSIFIED TITLE: COMPRESSIVE STRENGTH OF COMPOSITE LAMINATES

WITH INTERLAMINAR DEFECTS.
PERSONAL AUTHORS: GILLESPIE,J. W. ., JR..PIPES.R. B.

REPORT DATE: SEP . 1982

PAGINATION: 44F

REPORT NUMBER: CCH-82-17

REPORT CLASSIFICATION: UNCLASSIFIED

LIMITATIONS (ALPHA): APPROVED FOR PUBLIC RELEASE; DISTRIBUTION

UNLIMITED. AVAILABILITY: CENTER FOR COMPOSITE MATERIALS. UNIVERSITY

OF DELAVARE, NEWARK, DE. 19711.
LIMITATION CODES: 1 24




COMPRESSIVE STRENGTH OF COMPOSITE LAMINATES

WITH INTERLAMINAR DEFECTS

John W, Gillespie, Jr.
R. Byron Pipes
Center for Composite Materials

University of Delaware
Newark, Delaware

Sponsored by the
University-Industry Research Program

"Application of Composite Materials
to Industrial Products"”

September 1982




ABSTRACT

The compressive strength of composite laminates is
greatly reduced by the local instabilities initiated by in-
terlaminar defects. 1In the present study, the reduction in
compressive strength of a (0/1452/0)5 AS/3501-6 graphite-epoxy
laminate containing implanted interlaminar defects is ex-
amined. The experimental study consisted of the four-point
static loading of sandwich beams with graphite-epoxy face
sheets having through-width delaminations of 0.5 in. (12.7mm),
0.75 in. (19.1mm), 1.0 in. (25.4mm) and 1.5 in.(38.1mm) in
length. Failure consisted of the unstable interlaminar
crack growth within the compressive face of the sandwich.
Reduction in flexure strength was found to be directly pro-
portional to debond length and varied from 41 to 87 percent
of the pristine value. Combined stability and finite ele-
ment analysis showed that the initial out-of-plane deforma-
tions of the sublaminate induced by residual stresses de-
creases axial stiffness of the buckled sublaminate and re-
sults in both Mode I and Mode II propagation at the inter-
laminar crack tip. An approximate strain energy release
rate formulation for Mode I fracture is correlated with the

experimental data, where a value of the strain energy

ii




iii

release rate G = 1.4 1b/in (250N/m) yields accurate

IC

predictions of the compressive strength for all defect

geometries considered.




INTRODUCTION

The local instability of composite laminates in the
vicinity of interlaminar defects may strongly influence the
compressive strength of the laminate. In an attempt to quan-
tify this phenomenon, composite sandwich beams with implanted
interlaminar defects of PTFE film were tested in four point
flexural loading. Experimental results showed substantial

reductions in strength with increasing defect length.

Failure occurred on the compressive face of the
sandwich beam for all specimens including the zero defect
geometry. The failure mechanism consisted of fast inter-
laminar fracture initiating at the interlaminar crack tip
[1]. Reduction in the flexure strength varied from 41 to
87 percent of the zero defect value for the debond lengths
investigated. The drastic reduction in strength is attri-
buted to the decrease in stiffness of the buckled sublami-
nate. Consequently, additional load is transferred through
shear at the edge of the defect to the sublaminate which
remains bonded to the honeycomb core and is thus restrained

from buckling.

The complex state of stress at the crack-tip




resulting from the reduction is stiffness, as well as, the
curvature of the buckled sublaminate arising from out-of-
plane deformations has been investigated by Gillespie and
pipes [2] and Whitcomb [3] using linear and non-linear
finite element techniques, respectively. The interlaminar
normal and shear stress components exhibit singular behavior
at the crack tip suggesting the total strain energy release
rate has contributions from both Mode I and Mode II crack
extension modes. Ashizawa [1] and whitcomb [3], however,
have shown that delamination growth may be dominated by Mode

I fracture.

In the present analysis of the sandwich beam the
slight variation of compressive stress (approximately 4 per-
cent) across the laminate thickness and the sandwich beam
curvature are neglected. The debond region 1is modeled as
two beams in parallel, one straight and one which exhibits
lateral deformation and thus reduced axial stiffness. Com-
patability of axial displacements at the end of the beam
model enables the total axial load to be divided between the
two beams in direct proportion to their apparent stiffnesses.
Initial out-of-plane deformation of the sublaminate above
the defect due to the debond thickness* and thermal residual

stresses is included in the buckling analysis and

(*The debond was produced by implanting a 0.002 in (0.05mm)
PTFE insert.)




significantly reduces the axial stiffness of the deformed
sublaminate. Employing this model to predict the axial load
at failure in the deformed laminate results in loads substan-
tially less than the classical Euler's buckling load for the
majority of delaminations investigated [1]. Consequently,
the post-buckling analyses of Chai [4] and Whitcomb [5] may
not be applicable for delaminations of sublaminates with

initial deflections.

The strain-energy release rate for a cantilever beam
loaded by a moment is employed to correlate experimental
failure loads with analytic predictions. The eccentricity
in the load path where the axial load is transferred through
interlaminar stresses in the vicinity of the crack tip
results in a crack closing moment whose magnitude is direct-
ly proportional to the reduction in axial stiffness of the
buckled sublaminate. Linear finite-element stress analysis
of the crack tip region is employed by replacing the non-
linearity of the buckled sublaminate with an equivalent set
of loads determined from the beam model. Finite element re-
sults reveal that the interlaminar state of stress is a
boundary layer phenomenon and thus independent of debond
length. The boundary layer of interlaminar stresses is anal-
ogous to that described in the free-edge problem [6] and is
equal to three laminate thicknesses for the laminate geome-

tries considered. The closing moment results from the




interlaminar normal stress distribution at the crack tip and
the magnitude is evaluated through numerical integration
techniques or through equilibrium considerations of an ap-
propriate free-bedy diagram of the delamination region.
Consequently, the total moment in the strain energy release
rate formulation is the summation of the opening and closing
moments acting at the crack tip [5]. A value of GIC =

1.4 1b/in (250 N/m) yields accurate predictions of the com-

pressive strength for the delamination geometries considered.




EXPERIMENTAL EFFORT

The experimental effort consisted of the four-point
static loading of sandwich beams with [0/i452/0]S AS/3501-6
graphite-epoxy face sheets (Figure 1). Implanted through-
width delaminations of 0.5 in. (12.7mm), 0.75 in. (19.1lmm),
1.0 in. (25.4mm) and 1.5 in. (38.1lmm) in length were placed
at the midsurface between the zero degree plies and co-cured
with the laminate. The implanted defects consisted of two
rectangular layers of 0.001 in. (0.0254mm) PTFE film and
represents the minimum initial out-of-plane deformation of

the sublaminate as shown schematically in Figure 1.

Experimental results presented in Table 1 show the
equivalent flexure stress and strain in the.compressive face
sheet at failure. Instrumentation consisted of strain gages
centered directly over the implanted defects on both the
tensile and compressive faces of the sandwich beam. The
strain on the compressive face consisted of coﬁtributions
from the curvature of the buckled sublaminate, as well as,
the axial loading. Consequently, any appreciable buckling
would reduce the compressive strain (sc) relative to the
strain on the tensile face (eT). The characteristic strain

responses (ET Vs ec) are illustrated in Figure 2 for the
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0.75 in. (19.1mm) defect which exhibits a transition from

the linear to nonlinear response prior to failure.

Table 1

' Experimental Data*

Debond length Failure Stress Compressive
Failure Strain
inches (mm) Ksi (MPa) ue
o - 102.0 (703) 14500
0.50%*(12.7) 58.8 (411) 7250
0.75 (19.1) 55.6 (383) 6625
1.00 (25.4) 25.9 (179) 3000
1.50 (38.1) 13.4°  (92) 1300

* Minimum of four tests/geometry
** Two tests only

In Figure 3, the reduction in strength with
increasing debond length illustrates the strong dependence
of compressive strength on interlaminar defect geometry.

The characteristic failure mode for sandwich beams with
implanted defects was fast interlaminar fracture at the mid-
surface of the compressive face sheet as shown in Figure 4.
Crack arrestment occurred at the load introduction points

of the fixture.
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STRESS ANALYSIS

Investigation of the complex state of stress in the
vicinity of the crack tip due to the reduction in axial
stiffness of the buckled sublaminate necessitated finite
element analysis. In general, a geometrically non-linear
finite element stress analysis would be required [3]. In
the present study, however, linear finite element stress
analysis of the crack tip region is employed by replacing
the non-linearity of the buckled sublaminate with an equiv-
alent set of loads determined from the beam model. The fi-
nite element model is shown in Figure 5 where the buckled
sublaminate is replaced by equivalent forces. Mesh refine-
ment in the vicinity of the defect is required due to the
presence of large stress gradients. Symmetry enabled one-
half of the debond region to be modelled. The total length
of the model was 2 in. (50.8mm) or one-half the distance
between the beam load introduction points. The length of
the step was one-half the debond size. The boundary condi-

tions are indicated clearly in Figure 5.

The lamina properties for unidirectional AS/3501-6
graphite-epoxy are presented in Table II. The effective

properties for the (0/*:452/0)s laminate employed in the

11
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Table II

Laminar Properties: AS/3501-6

E; Msi (GPa) 19.9 (137.2)
E, Msi (GPa) 1.4 (9.7)
Ej Msi (GPa) 1.4 (9.7)
Vi 0.21
Vi3 T V12 0.21
Vo3 0.3
G12 Msi 0.6 (4.1)
Gy3 = Gy3 = Gio Msi (GPa) 0.6 (4.1)
Table IIT

Effective Laminate Properties: [0/1452/0];
Ey Msi (GPa) 8.2 (56.5)
B Msi (GPa) 3.5 (24.1)
E, Msi (GPa) 1.4 (9.7)
Vyx 0.74
vyz 0.067
Ve 0.215
ny Msi (GPa) 3.7 (25.5)
Gy, = Gyz = ny Msi (GPa) 3.7 (25.5)

* 0° plies are parallel to beam axis
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finite element model are given in Table III.

The loadings considered are defined in Figure 5 and
consist of the applied axial stress (R) and the equivalent
axial stress (Q) applied at the end of the defect. Since a
linear solution is obtained, each loading is investigated
separately and the total solution is obtained by a superpo-
sition of results. The stress components along the fracture
surface have apparent singularties at the crack tip which
diminish within three laminate thicknesses to a uniform state
of stress. The finite element analysis of various defect
lengths indicate no dependence of the stress distribution on
debond length. Consequently, a single finite element model
in conjunction with the buckling analysis is sufficient to
characterize the stress state in the vicinity of the inter-
laminar crack and represents a major simplification of the

non-linear problem.

In Figure 6, the distributions of the axial stress
component Gy for the axial stress tractions R and Q are
presented. Note the localized variation of stress which
diminishes rapidly to a uniform state of stress at y/h = -3.
An axial stress R of unit magnitude applied to the model
remains constant (equal to -1), attains a maximum at the
crack tip and decays to twice the applied stress as re-

quired by equilibrium.
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In Figure 7 and 8, the interlaminar shear and
normal stress distributions are presented. All profiles
are symmetric with respect to stress tractions R and Q and
appear singular at the crack tip. Consequently, the inter-
laminar state of stress exists only for sublaminate geom-
etries having reduced axial stiffness (Q<R) as determined
in the flexural analysis. The interlaminar shear stress
distribution presented in Figure 7, represents the axial
load transferred to the sublaminate bonded to the honey-
comb core and restrained from buckling. The eccentricity
in the load path, however, establishes the interlaminar
normal stress distribution at the crack tip shown in Figure
8. Note that the regions of tensile and compressive
stresses are equal in area as required by equilibrium.

For Q<R, the interlaminar normal stress distribution gen-
erates a crack closing moment which will be included in

the strain-energy release rate formulation for the pre-
diction of compressive strength of composite laminates with

interlaminar defects.
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FLEXURAL INSTABILITY OF COLUMNS

The slight variation of flexure stress across the
laminate thickness and the sandwich beam curvature are
neglected. The debond region is modelled as two beams in
parallel, one straight and one which exhibits lateral de-
formations. Consider a uniform contraction, 4, of the beam
model shown in Figure 9. The loads carried by the two

beams are proportional to their stiffness:

A E
S

_ s
t s p = g Kb 1)

where Kb is the stiffness of the buckled beam determined from
the flexural analysis presented below. Therefore, for a
specified initial imperfection, one interates on the axial
displacement until the total axial loads equals the experi-
mental value at failure. The loadings in the buckled sub-
liminate can then be substituted into the stress analysis
(Figures 6-8) to determine specific distributions for the
various stress components. The stress tractions, R and Q,
are simply the appropriate axial loads divided by the cross-

sectional area of the sublaminate.

19
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Consider the axially loaded beam with arbitrary

initial deformation wo(y) shown in Figure 10. The governing

differential equation in terms of the bending deformation,

wl(y) measured from the initial shape, is given by

2
2 ey, b - G e - (2)
0 <y <L
dw
dN _ d_ du 1.2, _
where N = axial forces
E, = effective laminate modulus

u = axial displacement
Wy = lateral bending deformation
A, = cross sectional area

I, = moment of inertia

The boundary conditions for the clamped-clamped

beam subjected to an axial displacement, A are:

Wl(O) =0 Wl(L) =0 (4)
dw dw

1 1 -
a§—(0) a§—(L) 0 (3)
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u(o) =0 u(L) = -4 (6)

The solution of Equation (3) implies that the axial force

in the buckled laminate, N is a constant equal to:

du 1 dwl)Z) (7

P

N = —Pb = EbAb(a§ + E(dy

For EbIb constant, Equation (2) simplifies to the following

4 2
dw1 2 d w1 _ 2 d wo
Tt A= = =) 5 (8)
dy dy dy
where
A% = p_/E, I (9)
b'“b™b

In the following analysis, wo(y) is assumed to be the first

eigenvector of the clamped-clamped beam,
_ Weo 2my
wo(y) = 5{l-cos = } (10)

where W is the maximum deflection at the center of the beam.

Substitution of Equation (10) into Equation (8) yields




The general solution of equation (11) is

wl(y) = Cl cos Ay + C2 sin Ay + C, + w

(y) (12)

4 1p

where wlp(y) is the particular solution given by

—AZW cos Z%¥
w, (y) = (13)
lp 4ﬂ2 2
2(—5— - A7)
L

Employing the boundary conditions in Equations (4)

and (5) to determine the unknown constants yields

C1 = C2 = C3 = 0
(14)
XZW
C =
4 ar® 2
2(—7— - A7)
L
The solution reduces to:
(A1) 2w (1-cos 21
(15)

w, (y)
E 2 (4m%- (AL) %)
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performing the integration indicated in Equation (3) yields

the following expression for the axial displacement,

2
Pl . 2ot w (16)

A:
EAL  4n(412- (A1) %) 2

The total bending deformation is therefore:

2ﬂ2W(1—cos 2%2)
(17)

= (y) + w,(y)
wly) =Wty 1Y (41%- (A1) %)

In the limit as the axial load tends to zero (A-0), 2 tends
to zero and the total bending deformation approaches the
prescribed initial deflection wo(y). The solutions, however,

share the common singularity at the Euler buckling load (PCR).

In Figure 11, the axial load-displacement response
of an initially deformed beam is presented. The axial load
at which significant non-linear response initiates is in-
versely proportional to the initial deflection W. With re-
spect to the beam model in Figure 9, commencement of non-
linear behavior corresponds to reduced axial stiffness of
the buckled sublaminate and the transfer of load at the
crack tip through interlaminar stresses to the sublaminate
bonded to the honeycomb core (See Figure 10). Within

the constraints of small deflection theory, the maximum
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axial load of an initially deformed beam at which point the
axial stiffness tends to zero decreases with increasing W

and is significantly less than the Euler buckling load as-
sumed in the post-buckling analysis of Whitcomb [5] and

Chai [4]. This phenomenon is clearly illustrated in Figure
12 where the stress component, Q, in the initially deformed
sublaminate approaches the asymptote with increasing applied
stress, R. Consequently, the stress component, S, in the
sublaminate restrained from buckling is a monotonically in-
creasing function of R as required by equilibrium. In Fig-
ure 13, the deleterious effects of the initial deflection, W, on
the axial load-midspan deflection response is presented. For
a prescribed axial loading, the bending deformations, as well
as, the bending moment which initiates the Mode I crack prop-
agation are directly proportional to the initial deflection
W. Therefore, the compressive strength of composite lami-
nates with interlaminar defects is inversely proportional

to the magnitude of the initial out-of-plane deformations.

CORRELATION OF RESULTS

Correlation of experimental data with analytic
predictions was based upon a strain-energy release rate
formulation consistent with the approximations of simple
beam theory. Whitcomb [3] and Ashizawa [1] have shown
that Mode I strain energy release rate, GI , dominates

instability-related delamination growth. Consequently, the
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Mode II contribution to the total strain-energy release rate

will not be included in the present analysis.

The strain-energy release rate for a cantilever beam

loaded by a moment is MT2/2EbIba [7] where MT is the total

applied moment at the crack tip and a is the width of the

test specimen. As discussed previously, MT represents the

summation of the crack opening moment, M and the crack

b 14
closing moment, Mc ,
(Mb+M )2
- c_ 18)
61 * 3% 1.a (
b b

The crack opening moment is obtained directly from the
flexural analysis and successive differentiation of (17)
yvields,

8ﬂ4E I

W plb
=2 M {19)
"o = 12 4m2- (A1) 2

The crack closing moment arises from the reduced axial
stiffness of the delamination and the eccentricity in the
load path at the crack tip. An expression for Mc can be

derived from the free body diagram in Figure 14.

Force summation in the "y" direction yields the

shear force resultant 1, where
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-3h
T =a J Tyz dy = (R—Q)j— (20)
0

The shear resultant, however, is not co-linear with the axial
stress resultants and the moment Mc is produced at the crack
tip. Summing moments yields the desired expression for the

crack closing moment,

_ -a(r-g)n®
c 8

(21)
The closing moment, however, corresponds to the moment as-

sociated with the interlaminar normal stress distribution

presented in Figure 8. Numerical integration yields,

-3h 2
= :M
Mc = a J o, ydy 54 (22)

0

FPurther mesh refinement would reduce the discrepancy between
equations (21) and (22) by providing improved approximation
to the large stress gradients which exist in the vicinity

of the crack tip. Additional finite element analysis is
not. required however since equation (21) is exact. The in-
fluence of applied loading on the moment resultant 1s pre-
sented in Figure 15 for a delamination length of 1.5 inches

{38.1mm). Moments MB and Mc are monotonically increasing
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and decreasing functions of the applied load, respectively.
The total moment, however, attains a global maximum through
the interaction of the opening and closing moments of
opposite sign. Employing equation (18), strain-energy release
rate is presented as a function of the applied loading and
several values of initial imperfections, W. The strain-
energyv release rate also exhibits maxima whose magnitude

are directly proportional to the initial deflection, W.
Interestingly, results presented in Figure 16 reveal the
existence of stable configurations for which the available
strain energy for delamination growth does not exceed the
critical value (GIC). In Figure 17, the non-dimensionalized
strain-energy release rate (G/GIC) as a function of applied
load for the specific delamination length/initial deflection
geometries encountered in the experiment effort is presented.
Fast interlaminar fracture occurs when the strain-energy
release rate equals the critical value as illustrated in
Figure 17. A value of GIC = 1.4 1lb/in (250N/m) provides
excellent correlation of experimental data with analytical

predictions of the compressive strength of composite lami-

nate with interlaminar defects (Figure 18).
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CONCLUSIONS

The local instability of sublaminates due to
interlaminar defects results in the drastic reduction in
compressive strength of the laminate investigated. The
presence of initial deformations results in reduced axial
stiffness of the sublaminate for axial failure loads sig-
nificantly less than the classical Euler's buckling load.
Consequently, post-buckling analyses may not be applicable
for delaminations with initial deflections. Linear finite
element stress analysis of the crack tip region is employed
by replacing the non-linearity of the initially deformed
sublaminate with an equivalent set of loads determined from
the beam model. The interlaminar state of stress dimin-
ishes within three laminate thicknesses from the crack tip
and is independent of delamination length. Therefore, a
single finite element model in conjunction with the flexural
analysis is sufficient to characterize the stress state in
the vicinity of the crack tip. The interlaminar normal
stress distribution at the crack tip corresponds to a crack
closing moment which significantly influences strength
predictions. The analytical approach for the prediction of

compressive strength consists of the strain-energy release
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rate for a cantilever beam loaded by a moment where the

total moment has contribution from both the opening
and closing moments. A value of GIC = 1.4 1b/in
(250N/m) provides excellent correlation of experimental

data with analytic predictions of the compressive strength

for the delamination geometries investigated.
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